Introduction
Bimetallated cyclo-tetrametaphosphate ([P 4 O 12 ] 4− ) and monometallated cyclo-trimetaphosphate ([P 3 O 9 ] 3− ) moieties have a wide range of applications including use as pigments, catalysts, food additives, and fluorescent materials. [1] [2] [3] [4] [5] [6] The cyclo-tetraphosphate anion is of special interest due to its flexible eightmembered ring structure that can produce complexes with different conformations. 1, [7] [8] [9] Currently, two different strategies are employed for the preparation of bimetallic complexes of cyclo-tetrametaphosphate. One strategy is based on acidification of MCl 2 (M = Co, Fe, Mn, Ni, Cu) by [H 2 PO 4 ] − , followed by thermal treatment at high temperatures (≥600°C), leading to binary oligomeric systems of the general formula M 2 P 4 O 12 .
2-4, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] A second strategy developed by Kamimura et al. comprises stirring a solution containing a salt of the cyclo-tetrametaphosphate ligand with the desired noble transition metal (such as rhodium, iridium, ruthenium, and palladium) at room temperature overnight. The desired product can then be obtained by further extraction and crystallization from dichloromethane and diethyl ether. 7 They have also described the synthesis of di-and trinuclear μ-oxo titanium(IV) cyclo-tetraphosphate complexes. 1 Even though the preparation of noble and non-noble metal complexes using this ligand has been reported, a strategy for the straightforward preparation of mononuclear complexes of cyclo-tetrametaphosphate using mild conditions and non-noble metals represents a vacancy in the literature. In addition to filling a vacancy, we recognize that metals such as molybdenum and vanadium are useful in oxidation catalysis, such that cyclophosphate complexes of these metals may turn out to be valuable as precatalysts.
The chemistry of complexes incorporating the trianionic cyclotrimetaphosphate ligand [P 3 O 9 ] 3− has also been investigated, specifically in studies of catalytic applications such as vinylidene rearrangement of general internal alkynes via the 1,2-migration of alkyl, aryl, and acyl groups. 5, 6 The methodology used for the synthesis of metal-cyclo-trimetaphosphate compounds was first reported by Klemperer and co-workers in 1981, and since then only a handful of publications reporting the preparation of mononuclear cyclo-trimetaphosphate-transition-metal complexes has been published. 5, 6, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] Additionally, the coordination chemistry of early transition-metal-[P 3 O 9 ] complexes has not been explored extensively. Our group has recently reported the preparation of the first tridentate-cyclo-tetrametaphosphate complex. 8 Montag et al. reported the preparation of [Na][(P 4 O 12 )Co(TACN)] (TACN = 1,4,7-triazacyclononane) in aqueous media. The structure determination of this salt revealed that the ligand is coordinated to the metal in a κ 3 fashion in which one of the phosphate groups is not directly connected to the metal center. Herein we report the coordination chemistry of mononuclear complexes of cyclo-tetrametaphosphate and cyclotrimetaphosphate ligands that incorporate non-noble metals ( Fig. 1 ) along with the development of a simple synthetic procedure, using readily accessible precursors and common glovebox techniques.
Results and discussion

Synthesis and characterization
[TBA] 4 (Fig. 2) . Typically, the reaction mixture was stirred for one hour, leading to complete and clean conversion into the desired complex with isolated yields ranging from 56 to 69%. The observed lessthan-quantitative yields are attributed mainly to losses incurred in the purification process (crystallization ) for the VuO bond. The value observed for this stretch is in the expected range. 34-37 51 V-NMR shows a broad peak at −594.5 ppm similar to the observations reported by Roesky et Table 1 . This is reflected in decreased ν CuO stretching frequencies corresponding to weaker CO bonds. 43, 44 In addition to IR spectroscopy, 31 P-NMR spectroscopy is a helpful tool for determining the connectivity of the metaphosphate ligand with respect to the metal center. All the cyclotetrametaphosphate-based complexes reported herein exhibit three signals in their 31 P-NMR spectra in an intensity ratio of 1 : 2 : 1. This supports that the polyanionic ligand is binding in a tripodal fashion, leading to κ 3 connectivity (similar to a previous report from our group). 8 On the other hand,
[TBA] 3 [(P 4 O 12 )VOF 2 ]·Et 2 O exhibits only two peaks in a ratio of 1 : 3, possibly due to a fluxional process or to a change to κ 2 coordination in solution (this could possibly be attributed to the lability of the oxygen trans to the oxo ligand), leading to broad peaks instead of the expected triplets. Variable temperature NMR experiments confirmed the behavior described above. At lower temperatures (Fig. 4) the spectrum for complex 4 shows a new pattern with a spin system AM 2 X represented by three triplets in a ratio of 1 : 2 : 1 while at room temperature the spectrum consists of a singlet. Fig. 5 shows the spectrum observed for complex [TBA] 3 [(P 4 O 12 )MoO 2 Cl] at −60°C (a) along with the corresponding simulation (b) which was computed using the program gNMR. 45 The simulation reinforces the proposed four spin system AM 2 X in line with the existence of two phosphate moieties which are similar to each other and strongly coupled. These coupled phosphate units have two different phosphate neighbors which do not show any coupling between them. This suggests, for example, a κ 3 connectivity of the phosphate to the metal in a fashion similar to that observed by Montag et al. P-NMR spectrum of complex 7 was recorded at different temperatures (Fig. 4) showing that at high temperatures it consists of a singlet and at low temperatures it demonstrates that the spin system of this molecule is as proposed A 2 B giving rise to a doublet coupled to an apparent triplet. This spin system suggests that one out of the three metaphosphate moieties has a unique chemical environment.
Crystallographic studies
were grown from a mixture of diethyl ether and dichloromethane. The symmetry of the complex is C 1 and the connectivity of the metaphosphate is κ 3 . This result is consistent with the conclusions drawn from 31 P-NMR and FT-IR spectroscopies studies. As the NMR simulations suggested, there are three different phosphorous environments and two of these are not coupled (the dangling metaphosphate and the farthest counterpart). The configuration of the allyl group is endo, and the bond length between the metal and the central carbon is, as expected, shorter than those between the metal and the terminal carbons. 46 The distances between molybdenum and the oxygen atoms are all similar and only differ by 0.035 Å. The crystal structure of this salt also contains a dichloromethane molecule which is hydrogen bonded to the dangling metaphosphate, partially stabilizing the negative charge on the metaphosphate. The D⋯A distance is 3.065 Å ( Table S3 †) suggesting that this is a weak hydrogen bond. 47 This structure suggests that it may be possible to pre-organize a substrate by interaction with the dangling phosphate residue. 49 As was the case for 3, this derivative (complex 4) possesses C 1 symmetry. The crystal structure of this compound also contains a dichloromethane molecule that is hydrogen bonded with one of the oxygen atoms in the metaphosphate ligand. The D⋯A distance is 3.253 Å (Table S3 †) , indicative of a weak hydrogen bond. 47 Selected interatomic distances for salts 3 and 4 are summarized in Table 2 . The decreased Mo-OP distance in 4 versus that of 3 correlates with the increased oxidation state in the former. Even were grown by vapor diffusion of diethyl ether into a dilute dichloromethane solution (Fig. 9) (Fig. 13) . The VuO distance is 1.6242(19) Å indicating a bond order of three. 51 In the solid-state structure of salt 10, two solvent molecules are present. One dichloromethane solvent molecule engages in a weak hydrogen bond (D⋯A distance 3.317 Å) to one of the fluoride ions attached to the vanadium center (Table S3 †) . 47 Selected interatomic distances for all the crystal structures of cyclo-trimetaphosphate complexes are summarized in Table 3 . In general, the higher the oxidation state of the metal, 
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Experimental
General
Unless stated otherwise, all the operations were performed in a Vacuum Atmospheres drybox under an atmosphere of purified nitrogen. Mo(CO) 6 external reference (VOCl 3 , δ: 0.0 ppm). J values are given in Hz. Infrared spectra were recorded on a Bruker TENSOR37 FT-IR spectrometer. X-ray data collections were carried out on a Siemens Platform three-circle goniometer with a CCD detector using Mo-Kα radiation, λ = 0.71073 Å. An Agilent Technologies 5975C Mass Selective Detector operating in electron impact ionization mode was used to collect mass spectrometric data. Mass Spectrometry was performed on a Micromass Q-TOF ESI spectrometer in anionic mode. Samples were prepared in a glovebox and placed into a 1.5 mL GC vial with a septum to prevent exposure to moisture and oxygen and immediately analyzed by ESI mass spectrometry. All samples were prepared at a concentration of 0.1 mg mL −1 in acetonitrile. Prior to injection of the samples, the capillary tubing was flushed with 3 mL of dry acetonitrile (dried over 4 Å molecular sieves for 3 days). The anions of interest were observed to be sensitive to instrument voltages. Optimum instrument settings were obtained with a capillary voltage of 3200 V, a MCP detector voltage of 2500 V, source temperature of 100°C and a desolvation gas temperature of 150°C. EPR measurements were performed using a Bruker EMX EPR spectrometer, an ER 4199HS cavity and a Gunn diode microwave source producing X-band (8-10 GHz) radiation.
[ O (4.0 g in 200 mL) was loaded into the column. The first 40 mL of eluent was discarded and the remainder was combined with effluent generated by washing the column with 40 mL of water after the elution was finished. The eluent was evaporated to dryness under vacuum at 40-50°C yielding a white powder. The powder was washed with diethyl ether (3 × 20 mL) and further dried in a Schlenk line at 50°C overnight. The solid was extracted with acetonitrile (20 mL) and the insoluble solids were filtered out and washed with acetonitrile (5 mL). The filtrate was concentrated down to 5 mL. A large excess of diethyl ether (250 mL) was added leading to the formation of a white solid that was collected by filtration, washed with diethyl ether (3 × 10 mL) and dried in vacuo in the Schlenk line overnight at 50°C (6.0 g, 57% yield). Elem. Anal. Found: C, 55 . 2 mL) . The solution was stirred for one hour, during which it became dark yellow. The solution was concentrated to 0.5 mL and added to excess diethyl ether (ca. 20 mL), yielding a yellow oil. The solvent was then decanted and the remaining oil was treated with pentane and then dried under vacuum, affording an orange solid 2 mL) . The solution was stirred for one hour and the solvent was removed in vacuo, affording an oil. The oil was dissolved in dichloromethane (ca. 0.5 mL) and diethyl ether was added dropwise up to saturation. The solution was allowed to stand overnight providing light yellow crystals which were collected by filtration and washed with tetrahydrofuran (3 × 1 mL) (0.12 g, 68% diethyl ether was added dropwise up to saturation. The solution was allowed to stand overnight, affording light yellow crystals which were collected by filtration and washed with tetrahydrofuran (3 × 1 mL) (0.10 g, 56% O (0.50 g, 0.27 mmol) in acetonitrile (ca. 4 mL) was added dropwise a thawing acetonitrile solution (ca. 4 mL) of MoOCl 3 (0.058 g, 0.27 mmol). The color changed after 15 min from brown to yellow and then to a green-yellow color. The reaction mixture was stirred overnight, during which time the color turned into green and a solid precipitate was observed. After this time, the solvent was removed in vacuo and the residue was dissolved in dichloromethane (ca. 4 mL) and the product was precipitated using diethyl ether (ca. 8 mL). The residue was separated from the clear solution by decantation. Dissolution, precipitation, and decantation were repeated three times to get rid of PPNCl coproduct. The residue was then dried under vacuum and then crystallized overnight using a 2 : 1 CH 2 Cl 2 -toluene mixture to provide the desired product as green crystals which were collected by filtration and washed with a mixture 1 : 3 acetonitrile-diethyl ether (3 × 2 mL) (0.30 g, 75% O (5.0 g, 0.27 mmol) was added dropwise to a stirring, thawing acetonitrile suspension (4 mL) of WOCl 4 (0.091 g, 0.27 mmol). The suspension was allowed to stir for 2 hours during which time the reaction mixture became colorless and homogeneous. After this time, the solvent was removed under vacuum to give a white residue. The obtained white residue was dissolved in acetonitrile (ca. 4 mL) and precipitated using diethyl ether (ca. 8 mL). The mother liquor was decanted. Dissolution and precipitation were repeated three times, in order to get rid of PPNCl coproduct. The white residue was recrystallized by slow diffusion of diethyl ether into an acetonitrile, or acetonitrile-dichloromethane (1 : 1), solution of the residue to give colorless crystals which were collected by filtration and washed with a mixture 1 : 3 acetonitrile-diethyl ether (3 × 2 mL) (0.32 g, 77% 2 (0.099 g, 0.27 mmol) in acetonitrile (ca. 4 mL). The solution was allowed to stir for two hours whereupon the solvent was removed in vacuo. The obtained white residue was dissolved in acetonitrile (ca. 4 mL) and precipitated using diethyl ether (ca. 8 mL). The mother liquor was decanted. Dissolution and precipitation were repeated three times, in order to get rid of PPNCl coproduct. White crystals (0.30 g, 72%) suitable for X-ray studies were obtained by crystallization of the obtained white residue by slow diffusion of diethyl ether into acetonitrile solution. Spectroscopic data for the complex synthesized using this method were identical to those obtained according method 1.
